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SUMMARY 

Charge c a r r i e r  t ranspor t  p roper t ies  o f  o rgan ic  polymers can v a r y  o v e r  a 

wide range.  The  paper shows tha t  t he  electron- and hole mobil it ies o f  po ly -  

mers w i th  pendant photoconduct ive groups  (i.e. carbazole) a re  on t h e  o rde r  

o f  cm IVs .  In these materials the  f low o f  e lectronic charge i s  maintained 

by the  over lap  o f  the  n-orbi ta ls o f  t he  pendant molecular g roups .  The  

large var ia t ion  o f  t h i s  shor t - range interact ion,  depend ing  on  t h e  local con- 

f igura t ions  encountered in polymer glasses, leads t o  a la rge  var ia t ion  o f  hop- 

ping probabi l i t ies and, hence, t o  wide ra te -d is t r ibu t ions .  These d i s t r i bu t i ons  

a re  re f lec ted  in the  slow algebraic decay character ist ics o f  t h e  observed 

photocur ren ts .  T h e  typ ica l  time exponen tsa  (a 5 1)  a re  shown t o  c a r r y  a 

g rea t  deal o f  physical  informat ion,  if the  dynamical range o f  t he  exper iments 

i s  su f f i c ie r i t l y  larqe. The  paper also re fe rs  t o  quasi-conjugated polymers 

(polysi lanes) whose dynamic t ranspor t  parameters a re  about  10 times be t te r  

( f as te r )  as compared t o  polymers w i th  pendant g roups .  These new materials 

open in te res t ing  aspects fo r  t he  development o f  new polymeric materials w i t h  

be t te r  t ranspor t  parameters and, hence, shor te r  ' sw i tch ing  times'. 
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1. INTRODUCTION 

One o f  the  few, i f no t  t he  on ly  electronic appl icat ion,  where polymers are  

super io r  or equivalent t o  amorphous semiconductors i s  t h e  appl icat ion as 

photoconduct ive media in the  f i e ld  o f  Xerography, laser -p r in t ing  or t h e  

fabr ica t ion  o f  o f f se t -p r i n t i ng  masters. In these appl icat ions t h e  superb  

d ie lec t r i c  qual i t ies o f  polymeric materials a r e  exp lo i ted  together  w i t h  a good 

quantum y ie ld  fo r  electron-hole separat ion and  reasonable cha rge  c a r r i e r  

t ranspor t  propert ies.  T h e  above materials parameters a re  o f  ra the r  d i f f e r e n t  

na tu re  re f lec t ing  the  fact  t ha t  photoconduct ion phenomena are  complex and 

the  'overal l  performance' o f  a material i s  based on  a va r ie t y  o f  d i f f e r e n t  

processes which may, f rom a mechanistic v iewpo in t ,  have no th ing  or l i t t l e  in 

common. 

T h e  fact  t ha t  the  c r i t i ca l  combination o f  mater ia ls parameters o f  polymeric 

photoconductors i s  su rp r i s ing l y  good i s  suppor ted  by Fig.  1, wh ich  shows 

t h e  overa l l  light sens i t i v i t y  o f  var ious  organ ic  and  inorgan ic  mater ia ls 1 1 1 .  
Polymeric photoconductors a re  almost as l igh t -sens i t i ve  as photograph ic  

materials and have a much h ighe r  sens i t i v i t y  t han  s t r a i g h t  f o rward  photo- 

reac t ive  polymers.  Th is  fac t  i s  int imately re la ted  t o  a 'gain mechanism' wh ich  

w i l l  be  discussed below; however,  it reconf i rms t h e  fac t  t h a t  photoconduct ion 

is  a complex phenomenon w i t h  d i ve rse  elementary processes invo lved.  
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Fig. 1. L i g h t  sens i t i v i t y  o f  var ious  technical ly used materials, compared t o  
the sens i t i v i t y  of the  human eye. 
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His tor ica l l y  the  f i r s t  appl icat ion o f  polymeric photoconductors was repo r ted  in 

the  f ie ld  o f  Xerography  wh ich  was, until t he  ear ly  seventies, dominated by 

the  use o f  inorganic photoconductors especially amorphous selenium / 2 / .  In 

the  ear ly  1 3 1  and late 1 4 1  s ix t ies  it became ev ident  t h a t  organic polymers 

w i t h  pendant  electron-donat ing qroups  (polyvinyl-carbazole;  PVK) fo rm 

ra the r  e f f i c ien t  photoconductors if doped w i t h  electron-acceptors ( l i ke  

t r in i t ro f luorenone;  TNF)  ; t h e  la t te r  form charge- t rans fer  complexes w i t h  t h e  

host polymer. 

The  formation o f  an organic CT-complex (charge t rans fe r )  has two  obvious 

advantages: F i r s t ,  the  lowest electronic absorp t ion  o f  t h e  material i s  sh i f ted  

f rom the  near UV-range t o  t h e  v is ib le  range  ( format ion o f  a CT-band):  

second, the  quantum y ie ld  fo r  electron-hole format ion which governs  t h e  

overal l  sens i t i v i t y  o f  t he  material i s  h igher  f o r  polar, more delocalized ex- 

c i ted  CT-states as compared t o  exc i ted  states which a re  localized a t  t h e  

molecular u n i t s  o f  a polymeric species. T h e  opt imizat ion o f  o rgan ic  photo- 

conductors ( f o r  review see /5/ and references) and  t h e i r  increasing use, as 

compared t o  t h e i r  inorganic counterpar ts ,  was favored by t h e  fol lowing 

proper t ies  o f  o rgan ic  materials: 

a )  Less tox i c i t y  as compared t o  some inorganic compounds ( l i k e  selenium). 

b )  Ease o f  fabr icat ion o f  thin polymer fi lms w i t h  ta i lo red  opt ical  absorp t ion  

spectra (var ious  CT-complexes and dye  sensitization). 

c )  Good dielectr ic p roper t ies  o f  organic thin fi lms t o  maintain high e lec t r i c  

f ie lds as requ i red  by the  electro-photographic process. 

Fig.  2 shows the main steps invo lved in the  electro-photographic process; it 

also re f lec ts  the  va r ie t y  o f  p roper t ies  wh ich  have t o  b e  optimized in o rde r  t o  

optimize the  complete process. 

Step 1 :  

A polymer layer  ( t yp i ca l l y  10 p; on top  o f  a n  aluminized polyester sheet) is 

homogeneously charged via corona-charging (vol tages on  the  'order o f  

1.000 V ) .  D u r i n g  th is  cha rg ing  procedure  t h e  material has t o  w i ths tand 

f ie lds which are  on the  o rde r  o f  10 V /cm ove r  an  ex tended pe r iod  o f  time. 6 

Step 2 :  

I l luminat ion o f  the  photoconductor leading t o  f ree  electron-hole pa i rs ,  w i th  a 

high quantum y ie ld .  In t he  f i gu re  the  holes have t o  t raverse  t h e  f i lm and  

the  electrons eliminate the  posi t ive corona charge a t  t h e  surface o f  t h e  

photoconductor.  
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Step 3 and  4: 

In these two consecut ive steps t h e  electrostat ic p i c tu re  wh ich  was c rea ted  in 

s tep  2 i s  'developed' w i t h  electrostat ical ly charged toner  par t i c les  and  can 

subsequent ly be  t rans fe r red  t o  t h e  paper and  ' f i xed '  by fus ing  t h e  toner 

par t i c les  t o  the  paper w i t h  a n  I R  light source. 

1 .  Charge 

5 .  Fix 

2. Expoae 

Fig. 2. Pr inc ip le  o f  t he  electro-photographic process: 1.  corona charg ing ,  
2 .  exposure  o f  photoconductor,  3 .  development process, i.e. t rans fe r  of 
cha rge  ca r r i e rs  t h r o u g h  the  photoconduct ive layer  and  electrostat ic t rans fe r  
o f  toner  part ic les,  4. t rans fe r  o f  toner par t i c les  t o  t h e  paper,  5.  thermal 
fus ion  o f  toner  part ic les t o  the  paper,  6. f in ished paper copy. 

If the  toner par t i c les  a re  fused t o  t h e  photoconductor (omi t t ing  s tep  4) t he  

photoconductor surface i t se l f  can  b e  used as o f fse t  printing master /6/. 

The  descr ip t ion  o f  the  complex processes o f  'electro-imaging' makes it obv i -  

ous tha t  in t h i s  review on ly  recent  developments can be  descr ibed, showing 

improvements of the  theoret ical  unders tand ing  o f  some special aspects of 

photoconduct iv i t y  in amorphous media and  o f  approaches t o  new polymeric 

materials w i th  improved electro-opt ic p roper t ies .  

2. BASIC PROCESSES OF THE PRIMARY ELECTRON HOLE SEPARATION 

T h e  f i r s t  s tep  in the  sequence o f  processes leading to  photoconduct ion 

occurs  on a sub-picosecond timescale. It i s  t h e  l igh t - induced electron-hale 
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separat ion which, eventual ly,  leads t o  f ree  charge ca r r i e rs  wh ich  can b e  

u t i l i zed  to  charge o r  d ischarge a g i ven  polymer surface. T h e  mechanistic 

detai ls o f  electron-hole separat ion a re  no t  well unders tood ye t ;  however,  

t hey  can be reasonably descr ibed by a mesoscopic model, t h e  'Onsager model' 

which descr ibes the d i f fus ion  o f  an  electron-hole pa i r  ( o r  ion  pa i r )  in the i r  

mutual  Coulomb-field under  a n  ex terna l  app l ied  electr ic f ield. T h e  on ly  

adjustable parameter o f  t h i s  model i s  t he  ' in i t ia l '  electron-hole separat ion 

rad ius  ro a t  which the  thermal d i f f us ion  process i s  'swi tched on'. 

T h e  Onsager equation, as g i ven  by equat ion l ( a )  / 7 /  cannot b e  solved 

analyt ical ly.  

2 u =  - 45ree,r - eEr cos 8 

f i s  the probab i l i t y  for  electron-hole separat ion and  U i s  the  potent ia l ,  as 

def ined bv equ. 1 ( b ) ,  where E is  t h e  e lec t r i c  f ield, r t h e  electron-hole 

distance and 0 the  angle between t h e  f ie ld  l ines and  the  distance vec tor  r. 

Numerical solut ions o f  equ. 1 were used in t h e  seventies t o  t r e a t  e lectron- 

hole separation in molecular c rys ta l s  1 8 . 9 1 .  T h e  e f fo r ts  t o  app ly  t h e  same 

Onsager-equation to  polymers were on ly  pa r t i a l l y  successful s ince t h e  acces- 

s ib le f ie ld  range was ra the r  l imi ted / l o / .  Experiments w i th  an  extended f ie ld  

range were ca r r i ed  ou t  f o r  po l yv iny l  carbazole (PVK) and have been presen- 

ted  recent ly  / 1  l/; these data reconfirmed the  no t ion  t h a t  the  Onsager- theory 

can be appl ied successful ly t o  fit t h e  exper imental  data. Fig. 3 shows nume- 

r ical  calculations o f  the electron-hole quantum y ie ld  ove r  a wide f ie ld  range 

w i th  exper imental  data fo r  PVK. T h e  scatter o f  t h e  exper imental  data i s  due  

to  the  d i f f i cu l t y  o f  de f in ing  accurate field s t reng ths  in an insu la to r  in the  

presence o f  residual  space charges (especially a t  low f ie ld  values).  T h e  

exper imental  resul ts,  however, cor robora te  t h e  calculations which p red ic t  

quantum yields o f  t o  a t  low f ie ld s t reng ths  and  values o n  t h e  

o rde r  o f  unity ( t 0.5)  a t  f ie lds on  the  o rde r  o f  10 V l c m  or  h igher .  6 

Fig. 3 also ref lects in an impressive way t h a t  high quantum yields (on  t h e  

o rde r  o f  u n i t y )  requ i re  in organ ic  materials extremely high fields. Th is  

condi t ion can be realized ra the r  convenient ly f o r  applications in t h e  f ie ld  o f  

photoconduct ion where ex terna l  voltages are  applied, however, t h e  same 
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favorable condi t ions cannot b e  real ized f o r  photovol ta ic appl icat ions where 

one has t o  work w i t h  i n te rna l  f ie ld  made up by Schot tky -bar r ie rs  (wh ich  a re  

problematical in polymeric sol ids).  
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Fig. 3. Onsager ionizat ion p robab i l i t y  (see tex t )  as calculated f o r  tempe- 
ra tu res  between 0 "  C ( lower c u r v e )  and  80 '  C ( t o p  cu rve ;  increments 20" 
C ) .  T h e  exper imental  po in ts  f o r  0" C (c i rce ls )  and f o r  80" C ( t r iang les)  a re  
super imposed (see t e x t ) ,  

In sp i te  o f  the seemingly pleasant agreement between t h e o r y  a n d  exper iment,  

there  are  s t i l l  open quest ions as to  the  'molecular' i n te rp re ta t i on  o f  t he  

resu l ts .  T h e  r0 f i t -parameter o f  t he  Onsager-model f o r  PVK y ie lds  1 8  8, f o r  

t he  ' in i t ia l  distance' of t he  electror i  hole pair ;  t h i s  va lue  i s  considerably 

la rger  than a typ ica l  ex i ton ic  rad ius  i.e. t h e  p r imary  rad ius  o f  an  elec- 

t ron-hole exci tat ion.  These molecular rad i i  a re  symbol ic ly shown in F ig .  4 f o r  

a molecular state (carbazole) and  f o r  a cha rge  t rans fe r  state (CT-state;  

trinitrofluorenone-carbazole); t h e v  are  on  t h e  o r d e r  o f  3-5 (F renke l  sta- 

tes ) .  The  microscopic unders tand ing  o f  t he  processes wh ich  p lay  a ro le  in 

the  sequence which s ta r t s  w i th  exci tonic Frenke l  states and  t h e n  y ie lds  more 

loosely bound  'Onsager-states' (20 A )  i s  no t  y e t  a t  a sat isfactory level .  The  

large Onsager-radi i  wh ich  a re  t yp i ca l  o f  most o rgan ic  mater ia ls /8,9,10/ also 

re f lec t  the fact  tha t  the  'mesoscopic' i f  not macroscopic na tu re  of  t he  On- 

sager-model has on ly  l imi ted app l icab i l i t y  f o r  states which have 'molecular 

dimensions' such as Frenke l  exc i ted  states. F u r t h e r  unders tand ing  of these 

phenomena wi l l  r equ i re  sub-picosecond techniques wh ich  a re  in t h e  process 

of being developed (see fo r  instance re f .  112 and  1 3 /  w i t h  re fe rences) .  

202 



Fig. 4. Schematic representat ion o f  an  exci tonic state in PVK (po lyv iny l -  
carbazole) and o f  a CT-exci ton in PVK-TNF ( t r in i t ro f luorenone)  . 

3 .  CHARGE CARRIER TRANSPORT 

3 . 1 .  Technical  Relevance o f  Charge Car r i e r  T ranspor t  

One o f  the  key  mechanisms o f  t he  var ious appl icat ions o f  organic photo- 

conductors  i s  the  separation o f  electron-hole pa i r s  over  macroscopic distances 

as can be seen in Fig.  2 ;  t he  f inal  electron-hole separation has t o  reach 

distances on the  o rde r  o f  1 0  I-I o r  la rger  in o rde r  t o  discharge a polymeric 

photoconductor t h rough  i t s  back electrode. Th is  distance i s  10.000 times 

la rger  than the  typ ica l  Onsager dimensions, ye t ,  it i s  typ ica l  fo r  most tech- 

nical  e lectronic devices. 

One main reason why photoconductors are so e f f i c ien t  i s  t he  fac t  t ha t  la rge  

ex terna l  e lectr ic f ie lds can be  appl ied in the  technical  process. These f ie lds 

lead to  high c a r r i e r  ef f ic iencies as descr ibed in t h e  prev ious  section; t hey  

also prov ide  a good energy  balance o f  the  technical process o f  photoconduc- 

t ion.  I f  we assume tha t  t he  photon  which was used t o  create an  electron-hole 

pa i r  deposites on the  o rde r  o f  2 eV o f  energy  fo r  each charge ca r r i e r  (assu- 

ming  a quantum y ie ld  o f  about 1 ) .  then t h e  'ex te rna l  ba t te ry ' ,  as p rov ided  

by the  corona charge o f  F ig .  2 ,  has t o  p rov ide  another 1 .OOO eV o f  energy  

203 



t o  t ranspor t  t h e  free c a r r i e r  t h r o u g h  t h e  organ ic  f i lm (electron o r  hole, de- 

pend ing  on  the  po la r i t y  o f  t he  corona).  

I f  we would define a 'ga in  fac to r '  in such  a way t h a t  we compare t h e  energy  

wh ich  a n  ex terna l  b a t t e r y  p rov ides  fo r  t he  technical  process o f  photo-ima- 

ging (1 .000 eV)  w i th  the  genuine photon  energy  ( 2  e V )  we would formal ly 

a r r i v e  a t  a gain factor on t h e  o rde r  o f  10  . T h i s  high ga in  fac to r  i s  one o f  

t he  reasons, why  electro-photography t u r n s  ou t  t o  b e  such a sensi t ive 

appl icat ion o f  organic materials. It is,  t o  o u r  knowledge, one o f  t h e  few 

technical  processes in t h e  f i e ld  o f  organic materials w i t h  a sizeable ga in  

factor. The  above ga in  process resembles, in a way, some o f  t h e  ga in  p ro-  

cesses which are  used in biological  systems, where t h e  chemical ene rgy  o f  an  

ex terna l  system (he re  corona-charging) i s  used t o  ampl i fy a p r imary  process 

wh ich  car r ies  the informat ion o f  t h e  system. In  t h i s  sp i r i t ,  t h e  scheme de- 

p ic ted  in F ig .  2 can be  looked upon  as a dev ice  wh ich  e f f i c ien t ly  t rans fe rs  a 

'photon image' i n t o  an  'e lectron image'. T h e  la t te r  can  b e  used f o r  elec- 

t ros ta t i c  printing techniques. 

3 

3 . 2 .  Experimental  Determinat ion o f  Charge Car r i e r  T ranspor t  under  

Constant Mob i l i t y  Condi t ions 

T h e  easiest way t o  v isual ize cha rge  c a r r i e r  t r a n s p o r t  i s  g i ven  in t h e  p i c tu re  

of a TOF-exper iment / 14 ,15 /  (F ig .  5 ) .  Here a sho r t  pulse (10 ns  in Fig. 5) 
creates electron-hole pa i r s  in the  immediate v i c i n i t y  o f  t h e  f r o n t  electrode 

( le f t  e lectrode in F ig .  51.  T h e  thickness of  t h e  charge generat ion layer  i s ,  

f o r  homogeneous materials, de f ined by t h e  penet ra t ion  dep th  o f  t h e  light. 

Th is  penet ra t ion  dep th  is  on  the  o rde r  o f  0 .5  u i f  one uses UV- l i gh t  and  

polymers w i th  pendant carbazole g roups  ( l i ke  f o r  instance PVK) .  I f  the  

th ickness  o f  the  sample i s  on t h e  o rde r  of  10 1 1 .  one can consider t h e  in i t ia l  

charge c a r r i e r  d i s t r i bu t i on  as a quasi  two-dimensional sheet. 

In the  process o f  the absorp t ion  o f  a light pu lse  w i th in  the  sur face  layer of 

t he  sample, charge ca r r i e rs  a re  formed as electron-hole pairs,  accord ing  t o  

the  mechanisms as descr ibed in chapter  2 .  Depending upon  t h e  po la r i t y  o f  

the  ex te rna l  f ie ld  one cha rge  ca r r i e r  species (electrons in F ig .  5 )  w i l l  b e  

d ischarged right away due  t o  the i r  v i c i n i t y  t o  t h e  f r o n t  electrode. The  

opposi te ly charged species, however,  has t o  t rave rse  t h e  b u l k  o f  t h e  sample 

(holes in Fig.  5 ) .  T h i s  t ranspor t  over  a distance on the  o rde r  10 IJ o r  more 

can be  considered as a macroscopic distance. As t h e  charge c a r r i e r s  t raverse  

th i s  distance, they  g i ve  r i se  t o  a 'displacement c u r r e n t '  which can be  mea- 

su red  in an ex terna l  e lectr ical  c i r cu i t .  T h i s  c u r r e n t  i s  constant,  i f  one 

assumes a constant mob i l i t y  of  t h e  charge ca r r i e rs  (wh ich  i s  no t  g i ven  fo r  
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most polymers; see below) and  fal ls o f f  t o  zero a t  a time it a t  wh ich  t h e  

charge c a r r i e r s  a r r i v e  a t  t he  back electrode. Due t o  a ce r ta in  spread ing  o f  

t he  charge car r ie rs ,  as caused by d i f f us ion  processes, a n d  due  t o  t h e  f i n i t e  

penet ra t ion  dep th  o f  t he  light, t h e  fa l lo f f  a t  it is somewhat smeared ou t  as 

shown in Fig. 5. Fig.  5 also makes an  imp l ic i t  assumption: 

Fig. 5. Symbolic descr ip t ion  o f  TOF-exper iment.  T h e  laser pu lse  and  t h e  
induced pho tocu r ren t  f o r  nond ispers ive  t r a n s p o r t  (see t e x t )  a r e  g i v e n  in t h e  
lower p a r t  o f  the  f igure .  

It is assumed t h a t  t h e  number  o f  cha rge  ca r r i e rs  wh ich  fo rm t h e  to ta l  cha rge  

Q (see equ.  4) i s  small enough, so t h a t  t h e y  do  no t  d i s t o r t  t h e  ex terna l  

f i e ld  considerably.  T h i s  cond i t ion  i s  quant i ta t i ve ly  fu l f i l l ed  if equ. 2 holds.  

Q (c C VB 

Here  C stands fo r  t he  capacitance o f  t h e  sample and  VB is  t h e  ex te rna l  

vol tage across the  sample (VB = E I accord ing  t o  o u r  de f in i t ions  as g i v e n  

above).  

T h e  time o f  flight exper iment,  as shown in Fig. 5, i s  t yp i ca l l y  per fo rmed 

w i t h  polymer samples as dep ic ted  in Fig. 6. Here  t h e  f r o n t  electrode i s  a 

semi t ransparent  aluminum laye r  a l low ing  a top- i l luminat ion geometry.  

I f  we assume, fo r  s impl ic i ty,  a cons tan t  mob i l i t y  p t h e  charge c a r r i e r s  have 

a cons tan t  drift ve loc i ty  vd = UE and, thus ,  
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1 1 2  
z t = E j i = v $  

- 
Semitransparent Contact  Area 
A l -  Electrode 

( 3 )  

the  area under  the  cur ren t - t ime diagram y ie lds  t h e  total  number  o f  charge 

ca r r i e rs  Q invo lved in th i s  t ranspor t  process d u e  t o  t h e  re la t ion  

Q = ST I dt (4) 

where I i s  the  c u r r e n t  in the  ex terna l  c i r cu i t .  

For  the  condi t ions o f  a constant (i.e. t ime independent)  mob i l i t y  CI t he  

character izat ion o f  the electron o r  hole t r a n s p o r t  can b e  ca r r i ed  o u t  u s i n g  

the  above TOF-experiment a n d  i t s  r a t h e r  s t r a i g h t  f o rward  in te rpre ta t ion .  

/ Alummized 
Polyester Film 

Insulating Varnish 

Fig. 6. Sample cross section. T h e  photoconductor layer i s  o n  t o p  o f  a n  
aluminized polyester f i lm. T h e  insulat ion va rn i sh  p reven ts  electr ical  b reak-  
down a t  the  edge o f  t he  sample. T h e  t o p  electrode i s  a semi- t ransparent,  
evaporated aluminium film. 

Fig.  7 shows two TOF-curves f o r  an  organ ic  CT-crys ta l  a t  two  d i f fe ren t  

appl ied f ie lds.  In bo th  cases, t he  t rans i t  times T t  a r e  well de f ined ( i n  t h e  

mill isecond regime fo r  c rys ta l s  o f  th ickness 1 mm) and allow t h e  determina- 

t i on  o f  a mob i l i t y  ~i (see f o r  instance 116 a n d  17/). T h e  exponent ia l  c u r r e n t  

decay wh ich  is superimposed on the  exper imental  TOF-curves d is t ingu ishes  

the  exper imental  cu rves  from t h e  ideal ized TOF-curves  (F ig .  5); it i s  due  t o  

charge ca r r i e r  t rapp ing  reduc ing  the  total  number o f  f ree l y  mobile charge 

car r ie rs .  Th i s  t rapp ing  phenomenon, however,  does no t  i n te r fe re  w i t h  a n  

dccurate determinat ion o f  t he  mob i l i t y  values o f  c rys ta l l ine  mater ia ls.  
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Fig. 7. a)  Photocur ren t  in t h e  molecular CT-crys ta l  anthracene-Pb.!DA f o r  
two appl ied voltages ( I  = 1000 V; II = 2500 V; t h e  sample th ickness was 1.2 
mm. b) Photocur ren t  in the  polymer siloxane a t  an  appl ied vol tage o f  200 V 
and  400 V ( th ickness  10 p). c )  Same data as above but p lo t ted  on  a log-log 
p lo t .  

For  amorphous materials t h e  s i tuat ion is much more involved. Here a s t r a i g h t  

f o rward  TOF-experiment, as ca r r i ed  ou t  w i t h  a carbazole subs t i tu ted  sixolane 

polymer (see inser t  in Fig.17) is g i ven  in Fig.  7b .  On  a l inear I - t -p lo t  t he re  

i s  no  v is ib le  b reak  in the  photocur ren t  c u r v e  and, thus ,  t h e  exper iment 

does no t  allow a s t ra igh t  fo rward  determinat ion o f  t h e  t ranspor t  parameter 11. 

P lo t t ing  the  same data on  a log-I versus  log-t  p lo t ,  however, shows a mar- 

ked  change o f  slopes of  t h e  photocur ren t  a t  times -ct2 (F ig .  7c ) .  

Now a n  'ef fect ive mobi l i ty '  can  be  de f ined by us ing  equ. 3.  Th is  def in i t ion,  

however, was on ly  possible by in te rp re t i ng  t h e  exper iments w i t h  a theo ry  of  

Scher and  Montrol l ,  as descr ibed in the  nex t  section / 1 8 , 1 9 / .  

T~~ and 

3.3. D ispers ive  Transpor t ;  Time Dependent Mobil it ies 

In materials w i th  per iodic s t ruc tu res  one can visual ize t h e  t ranspor t  o f  a 

charge c a r r i e r  in an ex terna l  f ie ld  as a d i f fus ion  process w i t h  a superim- 

posed drift term in f ie ld  d i rec t ion .  T h e  on ly  p a r t  o f  t h e  ca r r i e r  movement 

which af fects the ex terna l  c u r r e n t  i s  t he  mono-directional drift p a r t  ( i n  f ie ld  
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d i rec t ion) .  If we descr ibe t h i s  drift p ropagat ion  in a one-dimensional p i c tu re  

and assume a constant 'hopp ing  probab i l i t y '  in f ie ld d i rec t ion ,  one can de f ine  

a func t ion  ( t )  wh ich  is  t h e  p robab i l i t y  t h a t  t h e  cha rge  c a r r i e r  per fo rms a 

f ie ld- induced jump in the  time in te rva l  between t a n d  t + A t .  In t h e  simplest 

case the  ? ( t )  func t ion  fa l ls o f f  monoexponentially as 

Here  W is  a g i ven  p robab i l i t y  value wh ich  w i l l  be  a func t ion  o f  t h e  lat t ice 

geometry, the  molecular wave func t ions  a n d  t h e  app l ied  e lec t r i c  f ie ld.  T h e  

s i tua t ion  in a n  ordered mater ia l  may be  well descr ibed by a ? ( t )  as g i v e n  

above; in a d isordered material, however,  cha rge  ca r r i e rs  a t  d i f f e r e n t  'sites' 

i.e. d i f f e ren t  local environments would be  charac ter ized  by d i f f e ren t  ? ( t )  

funct ions.  In the  CTRW-approach, as proposed by Scher and  Mont ro l l  118.191, 

a charge ca r r i e r  ensemble can b e  charac terz ied  by a b road  d i s t r i bu t i on  o f  

hopp ing  probabi l i t ies and, t hus ,  t he  Y ( t ) - f unc t i on  can be  w r i t t e n  as 
A 

where g ( E) i s  the  d i s t r i b u t i o n  funct ion,  charac ter iz ing  t h e  con t r i bu t i ons  o f  

t h e  var ious decay terms ? ( t ) .  T h e  parameter E i s  a n  energy  parameter, 

ind ica t ing  tha t  there  is  a cor re la t ion  between t h e  hopp ing  p robab i l i t y  W and  

the  energy  E o f  a g i ven  s ta te  (see below).  It was t h e  mer i t  o f  Scher and 

Montrol l  a n d  Scher and  Lax  118,191 t o  realize t h a t  t he  Y ( t ) - f unc t i on ,  as 

g i ven  above, fa l ls  o f f  w i t h  a n  algebraic power law in case o f  a wide d i s t r i -  

bu t i on  o f  t h e  W (  E) parameters. 

In the  above equat ion the  main phys ica l  in fo rmat ion  about t h e  dynamical 

p roper t ies  o f  the  system i s  contained in t h e  a-parameter.  

T o  fill t he  a-parameter w i t h  some content,  t h e  general  formalism o f  t he  

Scher-Montrol l - theory can b e  discussed w i th in  t h e  f ramework o f  a theo ry  

based on  energy  level d i s t r i bu t i ons  as has been shown by Schmidl in and  

Noolandi 120.21 I. Ins tead of assuming a one-dimensional hopp ing  process 

w i th  a general  I ( t ) -d i s t r i bu t i on  (Fig.  8a) one can visual ize t h e  charge 

ca r r i e rs  as propagat ing  in a na r row conduct ion band ( i n  f i e ld  d i rec t ion  as 
symbolized by the  slope o f  t he  conduct ion band in Fig. 8b).  The  mob i l i t y  o f  

t he  c a r r i e r s  i s  governed by t r a p p i n g  and  de t rapp ing  processes i n t o  an  

exponent ia l  d i s t r i bu t i on  o f  t r a p p i n g  states below t h e  conduct ion band. Th is  

microscopic model makes fol lowing assumptions: 
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Fi rs t ,  the  ca r r i e rs  a r r i v i n g  a t  a t r a p  ge t  t rapped  instantaneously w i t h  

p robab i l i t y  one. 

b I  1 Multiple Trapping 

Fig. 8. a)  One dimensional model fo r  CTRW (cont inuous  time random 
walk) Y ( t )  is the p robab i l i t y  t ha t  t he  charge ca r r i e r  jumps in f ie ld  d i rec t ion  
in the time in te rva l  between t and t + At .  b) Mu l t ip le  t rapp ing  model. T h e  
charge c a r r i e r  i s  t rapped and  can b e  released v ia  Boltzmann-activation. T h e  
t r a p  d i s t r i bu t i on  g (  E) i s  exponent ia l  w i th  a fa l lo f f  constant in energy  space 
o f  k T o .  

Second, the  release o f  t he  t rapped  ca r r i e rs  i s  governed by a Boltzmann-ac- 

t i va t ion  process according t o  the  following relat ion 

where Wo is an attempt-to-jump probab i l i t y .  T h i s  simple p i c tu re  relates t h e  

rates W wi th  an energy  scale E in t h e  most simple fashion. It also assumes 

qu i te  of ten,  f o r  the  sake o f  s impl ic i ty,  an  exponent ia l  t r a p  d i s t r i bu t i on  

fa l l ing o f f  by the  factor l / e  in an  energy  i n te rva l  k T o  as shown in F ig .  8b. 

With the above assumptions equ. 6 can be rewr i t t en  in an exp l i c i t  form 

Here we have, for  s impl ic i ty,  omit ted normalization factors. Note, t h a t  t he  

energy  parameter E appears in both ,  t he  dens i t y  o f  state func t ion  g ( E )  as 

well as the Y( t ) - func t ion .  In the  la t te r  it appears as exponential in the  
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exponent  wh ich  means tha t  t h e  assumption o f  Boltzmann-activation leads t o  

an  extremely s t rong  energy  dependence of t h e  dynamic t ranspor t  parameters. 

In recent  years  the  mathematical descr ip t ion  o f  d ispers ive  dynamic processes 

i.e. o f  processes which a re  charac ter ized  by wide ra te  d i s t r i bu t i on  have 

received a grea t  deal o f  at tent ion.  In t h i s  con tex t  Shlesinger / 2 2 /  has g i ven  

an expression fo r  the  Y ( t ) - f unc t i on  wh ich  i s  va l i d  fo r  long times a n d  which 

casts the  dynamical p i c t u r e  i n t o  'time f rac ta ls '  w i t h  

k 

Shlesinger has also shown t h a t  t h e  

w r i t t e n  as 

a = In 

t ime exponent  a can, f o r  long  times, b e  

b = h -  a a" 
b" 

With th i s  de f in i t ion  o f  a we can, by comparison o f  equ. 6, 9 and  11 w r i t e  a 

in a form wh ich  contains on ly  simple energet ic  model parameters 

W i t h  t he  above mathematical der iva t ions  we can  summarize t h a t  t h e  d ispers ive  

k ine t ics  o f  t he  CTRW-theory can be  cast i n t o  a simple fo rm if one assumes 

'energet ic d isorder '  i.e. d isorder  whose o r i g i n  i s  l inked t o  t h e  energy  po- 

s i t ion  o f  the  invo lved trapping-states.  In such  a p i c tu re  t h e  a -value i s  

g i ven  by the  ra t i o  o f  t he  absolute temperature T and t h e  d i s t r i bu t i on  w i d t h  

To ( i n  un i t s  o f  k T )  o f  a se t  o f  exponent ia l  t raps ,  con t ro l l i ng  t h e  t r a n s p o r t  

t h r o u g h  Boltzmann-activation. 

In th i s  contex t  it may be i n te res t i ng  t o  p ro jec t  t h e  Shlesinger model on to  a 

model w i th  hierarchical  ene rgy  ba r r i e rs  / 2 3 / .  Tak ing  a h ie rarch ica l  se t  o f  

ba r r i e rs ,  as shown in F ig .  9,  we can ask f o r  t h e  p robab i l i t y  W.. f o r  a Bol tz-  

mann-activated par t i c le  to  ge t  f rom po in t  j t o  po in t  i. Since the  to ta l  b a r r i e r  

AE.. i s  made up b y  n elementary ba r r i e rs  (F ig .  9 i s  d r a w n  f o r  n = 3 )  we can 

formal ly w r i t e  W.. as bn as  it i s  appear ing  in t h e  't ime f rac ta l ' - l i ke  expres-  

sion o f  Shlesinger as g i ven  in equ.  10. 

' I  

' I  
' I  

Wij = exp[-AE../kT) 'J = exp(-nAkT) = b" with b = exp(-A/kT) ( 1 3 )  

W i t h  t he  above descr ip t ion  the  set o f  h ie rarch ica l  b a r r i e r s  reproduces, i f we 

look a t  t he  number -dens i ty  o f  ba r r i e rs ,  an  exponent ia l  d i s t r i bu t i on ,  as 

assumed fo r  the  simple model. 
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F.ig. 9. Hierarchical  scheme o f  energy  bar r ie rs .  T h e  charge c a r r i e r  can 
e i ther  be act ivated over  a s ing le  b a r r i e r  o f  he igh t  A or it can b e  act ivated 
ove r  n bar r ie rs .  The probab i l i t y  for hav ing  t o  overcome h ighe r  ba r r i e rs  fa l ls  
o f f  exponent ia l ly  (see t e x t ) .  

3.4. Comparison w i th  Exper iment 

So f a r  we have used the  simplest model descr ip t ion  o f  d ispers ive  t ranspor t  

and have in te rp re ted  the algebraic time exponent c( o f  the  long-time photo- 

c u r r e n t s  in terms o f  the  model parameters T and To. Following t h i s  simple 

descr ip t ion  we expect macroscopic photocur ren ts  which can, in a double 

logar i thmic plot ,  be  character ized by two s t r a i g h t  l ines, whose slope adds up 

to  two and shows a break  a t  t he  t rans i t  time T as depicted in Fig.  10. 

If we take  the  carbazole-subst i tuted siloxanes as examples for  materials w i th  

d ispers ive  photocur ren ts  /24,25,26/ we see in Fig.  11 tha t  t h e  s t ra igh t  

f o rward  d ispers ive  model holds qu i te  well and y ie lds  a n  c( -value o f  about 

0.6. a-values which are  d i f f e ren t  f rom a =  1 lead t o  ra the r  complex pheno- 

mena. 

1.  T h e  e f fec t i ve  mob i l i t y  decreases as a func t ion  o f  time. T h i s  phenomenon is  

common for many d isordered systems; it has t o  do  w i t h  the  fact  t ha t  t h e  

ensemble o f  charge ca r r i e rs  which is  o r ig ina l l y  p roduced in a band-state 

falls, w i th  i t s  center o f  g r a v i t y ,  deeper and deeper i n to  the  exponent ia l  

funnel  of t raps .  F ig .  12 shows t h e  lower ing  o f  energy  E ( i n  u n i t s  o f  k T )  
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as a func t ion  o f  hopp ing  events (parameter)  f o r  a one-dimensional calcu- 

lat ion 1271 .  

T h e  calculat ion also shows, t h a t  t h e  maximum o f  t h e  c a r r i e r  d i s t r i bu t i on  

moves lower in energy  on a logar i thmic time scale. Such logar i thmic 

time-dependencies a re  r a t h e r  common f o r  d isordered media. 

- 
log t 

Fig .  10. 
system. In the  logar i thmic p lo t  t h e  t r a n s i t  t ime r t  i s  c lear ly  discernible.  

L inear  and  logar i thmic p lo t  of t h e  pho tocu r ren t  in  a d ispers ive  

h 

5 
x 

Fig. 11. Trans ien t  photocur ren t  ( 1 )  in polysi loxane and theoret ical  c u r v e  
( 2 ) .  calculated f rom a n  algebraic y ( t )  w i t h  a =  0.58 (doub le  logar i thmic 
p lo t ) .  
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Fig. 12. Weight func t ion  f ( E ) f o r  t h e  t r a p  populat ion as a func t ion  o f  

energy  E and  time ( t h e  time-parameter labels t h e  var ious  c u r v e s  / 2 7 / ;  see 

t e x t ) .  

t 

2 .  In d ispers ive  materials the  charac ter is t i c  t r a n s p o r t  times do  no t  scale in a 

l inear fashion w i th  the  sample th ickness I or w i t h  t h e  electr ic f ie ld  E. It 

can be shown tha t  t he  fo l lowing relat ions ho ld  / 2 6 / .  

lla z = I  t 

E- lla 
zt - 

Fig. 13 shows the f ie ld - and thickness dependence o f  t he  t rans i t  time T~ f o r  

the  carbazole subs t i tu ted  siloxane polymer. The  f i gu re  shows t h a t  w i t h  a n  

a-value on the  order  o f  0.5 (as g i ven  f o r  siloxane) t h e  t rans i t  time var ies  

rough ly  w i th  the square o f  t he  sample th ickness; w i th  an  a-va lue  o f  0.25 it 

would v a r y  w i th  the fou r th  power o f  t h e  th ickness. These in te res t ing  scal ing 

proper t ies  have lately a t t rac ted  considerable exper imental  and  theoret ical  

at tent ion.  

So fa r  only the  most simple model assumptions, l i ke  fo r  instance exponent ia l  

t r a p  d is t r ibu t ions ,  have been made. For some systems these assumptions a re  

sat isf ied reasonably well. For  o the r  systems, l i ke  f o r  instance PVK, those 

assumptions are less val id and  y ie ld  time dependent a -va lues  which re f lec t  

complex equ i l ib ra t ion  processes in d isordered media. 
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Fig. 13. a )  Dependence o f  t h e  e f fec t i ve  t r a n s i t  t ime T on  t h e  e lec t r i c  f i e ld  
s t r e n g t h  (see t e x t ) .  b) Dependence o f  t h e  e f fec t i ve  trtansit t ime T~ on  t h e  
sample th ickness I / 2 6 / .  

Fig. 14. Photocur ren ts  in PVK over  a time in te rva l  o f  9 decades. T h e  slope 
o f  the log-log p lo t  changes f rom 1 t o  0 and, t hus ,  a changes over  i t s  full 
range o f  a = 0 t o  a =  1 (see t e x t ) .  T h e  do t ted  square  covers  two  decades 
in time and in tens i t y  (see t e x t ) .  
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Fig.  14  shows the  photocur ren t  f o r  PVK measured ove r  about n ine  decades 

in time. Here we see c lea r l y  t h a t  t h e  slope and, t hus ,  t h e  a - v a l u e  changes 

over  i t s  whole range o f  de f in i t ion  f rom a = 0 (s lope 1 )  t o  a = 1 (slope 0 ) .  

The  ar rows in the  f i g u r e  ind ica te  the  onset o f  d i f f e r e n t  d ig i t i zer  systems t o  

y ie ld  the  la rge  dynamic range  of  t h e  exper iment.  T h e  do t ted  square  shows 

a n  in te rva l  o f  two time-decades. Within such  small t ime domains a constant 

a-value which does no t  re f lec t  t h e  dynamics o f  t h e  system can b e  assumed 

but o f ten  has no t  physical  relevance. 

For a more extensive discussion o f  t h e  complex aspects o f  non-equi l ibrated 

amorphous systems we r e f e r  t o  f u r t h e r  l i t e ra tu re  /25,28,29/ .  

4. NEW MATERIALS; OUTLOOK 

There  a re  cer ta in  advantages o f  organic polymeric photoconductors which 

have been spelled ou t  in the  in t roduc t ion  o f  t h i s  paper,  however,  these 

materials also have disadvantages as compared t o  inorganic photoconduct ive 

materials l i ke  amorphous si l icon or selenium: T h e  main disadvantage i s  t he  

low mob i l i t y  o f  organic materials wh ich  is  several  o rde rs  o f  magnitude lower 

as compared t o  the  mobil it ies o f  amorphous si l icon o r  organic c rys ta l l ine  

materials (see Fig. 1 5 ) .  

Organic Quasi Amorphous 
Crystals Conjugated Poiymers 
Amordxxls FblYmers 

Mobility p [cm2/Vs] 

Fig. 15. Mobi l i t y  ranges o f  var ious materials (see tex t )  
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Fig .  15 shows tha t  v-values for amorphous polymers a re  on  t h e  o r d e r  o f  

lop6 cm /Vs i.e. more t h a n  s i x  o rde rs  o f  magn i tude lower than  mobi l i t ies o f  

typ ica l  amorphous semiconductors. T h i s  fea ture  wh ich  i s  mainly d u e  t o  t h e  

d ispers ive  na tu re  of t h e  charge c a r r i e r  t ranspor t ,  as descr ibed above, can b e  

a ser ious drawback for fas t  e lectronic appl icat ions.  It can, however,  b e  

to lerated for most printing- and  copy ing  techniques wh ich  a re  basically 

paral le l  processing techniques (a l l  p i c t u r e  elements a re  processed simulta- 

neously) .  Nevertheless it wou ld  be  desirable t o  achieve h ighe r  mobi l i t ies w i t h  

organic polymers maintaining o the r  p roper t ies  and, especially, t h e  materi- 

a ls -var iab i l i t y .  

2 

Charge Carrier in Semtconduc tor 

Charge Carrier in Polymer (idealized) 

b \ 

Charge Carrier in Polysilane 

Fig. 16, Schematic representa t ion  o f  a cha rge  c a r r i e r  in a semiconductor (a; 
band s ta te ) ,  in a polymer (b;  hopp ing  conduct ion) and  in a quasi-one-di- 
mensional polymer (c; quasi-conjugat ion) . 
A possible way f o r  ach iev ing  h ighe r  mobil it ies i s  shown in F ig .  16 in a 

schematic fashion. In a c rys ta l l i ne  semiconductor one can most ly assume a 

band- l ike motion and, thus ,  t r a p p i n g  phenomena may be  o f  lesser importance 

or  mainly dominate the  v e r y  sho r t  t ime regime (F ig .  16a). In polymeric 

materials the  charge c a r r i e r  delocalization is  mainly d u e  t o  t h e  over lap  o f  

molecular a-orbi ta ls.  These orb i ta ls  decay exponent ia l ly  w i t h  t h e  intermo- 

lecular distance and, thus,  a spat ia l  d isorder  o f  the  polymeric chains leeds 

t o  r a t h e r  la rge  var iat ions o f  t h e  hopp ing  time d is t r ibu t ions .  There fore  a 

hopp ing  model w i th  t raps,  as show in F ig .  16b, o f ten  descr ibes the  main 

fea ture  o f  the  c a r r i e r  t ranspor t .  I t  is impor tan t  t o  no te  tha t  these t r a p s  

can, in pr inc ip le ,  be  e i the r  i n te rp re ted  as ‘ex t r ins ic  t raps ’  ( f o r  instance 

impur i t ies )  o r  as s t ruc tu ra l  defects ( i n t r i ns i c  t raps ) .  For amorphous mate- 
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r ia ls  these in t r i ns i c  t raps  p lay  a major ro le  and, hence, chemical purity 

re f lec ts  on l y  one p a r t  o f  t he  t ranspor t  p roper t ies  o f  t h e  materials involved. 

In recent years  it has become more and  more obvious t h a t  s t ruc tu ra l  and  

conf igura t iona l  defects may p lay  an  even more impor tan t  role. These defects 

are, t o  a major extent,  no t  re la ted  t o  chemical purity, but t o  t h e  prepara t ion  

techniques o f  the  polymer fi lms (so lvents  used, evaporat ion rates,  anneal ing 

temperatures etc. 1 .  

Recent ly new data non quasi-conjugated and  one-dimensional polymers have 

become avai lable 130.31 1 which  show r a t h e r  high mobilit ies f o r  polysi lanes 

(Figs.  15, 16).  For  these materials a n  approach t o  band- l i ke  motion may b e  

feasible. 

Fig. 17. 
Si loxane 
polymers 

\ 

L 

C 

\ a-51 s , ,  , 
-6 - 4  -2  0 

loglo t (s) 

Photocur ren t  of  var ious amorphous materials in a log-log plot. a )  
polymers w i th  pendant carbazole g roups  (see inse r t ) .  b )  Polysilane 
, see tex t ) .  c)  Amorphous sil icon. 

Fig.  1 7  shows o u r  own data on polysilanes 1 3 2 1  compared t o  data on  siloxa- 

nes (d ispers ive  system) and amorphous si l icon / 3 3 , 3 4 / .  T h e  exper imental  

parameters such as sample th ickness, electr ic f ie ld  etc. a re  comparable for 
the  var ious materials shown in Fig. 17 and, t hus ,  one ge ts  t r a n s i t  times on  

the  10 ms scale fo r  polysiloxanes, on the  10 c1s scale fo r  polysilanes and  on 

the  1 ps scale fo r  amorphous sil icon. Also polysi lanes seem t o  b e  less d is -  

pers ive  than o ther  polymer systems / 3 0 , 3 1 , 3 2 /  and may t h u s  b e  looked upon 

as a step towards organic 'semiconductor-l ike' materials. In t h i s  contex t  one 

may also th ink  of  materials l i ke  undoped ( C H I  and  o ther  undoped conjuga- 
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t ed  polymers.  Here h ighe r  mobi l i t ies may, in pr inc ip le ,  b e  g iven;  ye t ,  

chemical s tab i l i t y  and  d ie lec t r i c  p roper t ies  may b e  much less desirable than 

in 'slower polymers'. Tak ing  these considerat ions i n t o  account, t h e  f u t u r e  

development w i l l  be  g i ven  by t h e  optimal t radeof f  between chemical, d ie lec t r i c  

and photoelectr ic p roper t ies .  
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